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Modern Multimessenger Astronomy opens unique possibility for performing cosmological
tests of the Standard Cosmological Model in the wide redshift interval up to z ∼ 10. This is
principally important for recent discussion related to discrepancies between local and global
measurements of cosmological parameters. We present a review of multimessenger Gamma-
Ray Bursts observations currently performed and planed for THESEUS-BTA cooperative
program. Such observations allow testing the fundamental basis of cosmological models:
gravitation theory; cosmological principle of homogeneity and isotropy of the large scale
matter distribution; and space expansion paradigm. Important role of different selection
effects, which lead to systematic distortions of the true cosmological relations, is discussed.
Keywords: cosmology: observational tests – cosmological models: large-scale structure of the Uni-
verse – gamma-ray bursts: galaxies: clusters.
I. INTRODUCTION
Recent discussion of the standard Lambda
Cold non-baryonic Dark Matter (ΛCDM) model
uncovered “possible crisis for cosmology” [68],
[26], [96], [25], [52], [11], which demonstrated
that the large scale cosmological physics contains
∗Electronic address: arhath.sis@yandex.ru
†Electronic address: ilia.v.sokolov@gmail.com
several principle uncertainties. Among them:
the absence of crucial decision on closed-flat-
open geometry of the universe (curvature pa-
rameter k = +1, 0, −1) [25, 26], the nature
and value of the totally dominated dark energy
and non-baryonic dark matter (Ωde, w, Ωm) [54],
[20], [24], [26], the difference between local and
global values for the Hubble constant H0 [91],
[67, 68], [96], [52] are especially worrying prob-
2lems. The currently observed discordances may
indicate the need for new physics and possibly
point to drastic changes in the ΛCDM scenario
[96], [25, 26], [68], [52].
This new situation in cosmology stimulates
deep testing of the fundamental physical laws at
micro and macro scales simultaneously. Modern
physics uses the observable Universe as a part
of physical laboratory, where the fundamental
physical laws must be tested. Such basic theoret-
ical assumptions as: constancy of fundamental
constants c, G, mp, me, the Lorentz invariance,
the equivalence principle, the quantum princi-
ples of the gravity theory, are now investigating
by modern theoretical physics [94], [71], [65] and
by contemporary astrophysical observations [95],
[19], [66], [32], [42], [17].
Modern theoretical and experimental physics
also tests foundations of the Standard Cosmo-
logical Model (SCM). In particular the modified
theories of gravity change the study of cosmic
structure formation [9, 19, 42, 78] (review [42]
contains 900 references).
In fact, in the beginning of the 21st century a
New Cosmology emerges and a new set of ques-
tions arises. In particular, the famous Turner’s
list of new cosmological problems contains fol-
lowing puzzles: What is the physics of under-
lying inflation? How was the baryon asymme-
try produced? What is the nature of the non-
baryonic dark matter particles? Why is the com-
position of our Universe so “absurd” relative to
lab physics? What is the nature of the dark en-
ergy? Answering these questions will revealing
deep connections between fundamental physics
and cosmology: “There may even be some big
surprises – time variation of the constants or a
new theory of gravity that eliminates the need for
dark matter and dark energy” Turner[92].
The visible matter of the Universe, the part
which we can actually observe, is a surprisingly
small (about 0.5%) piece of the predicted mat-
ter content and this looks like an “Absurd Uni-
verse” [93]. What is more, about 95% of the cos-
mological matter density, which determine the
dynamics of the whole Universe has unknown
physical nature. Turner emphasized that: “mod-
ern SCM predicts with high precision the values
for dark energy and non-baryonic cold dark mat-
ter, but we have to make sense to all this” [92].
Current multimessenger astronomy includes
observations of gamma-ray bursts (GRBs) and
start to develop new capabilities for cosmologi-
cal tests, especially in view of the forthcoming
mission Transient High Energy Sky and Early
Universe Surveyor (THESEUS) (Amati L. et al.
(2018) [5]; Strata G. et al. (2018) [86]). Preced-
ing reviews of the GRB cosmology were given by,
Petrosian et al. (2009) [62], Wang et al.(2015)
[98]. We show that an important contribution
to GRB cosmology belongs to cooperative opti-
cal observations by using 6m SAO BTA telescope
facilities ([97]).
In our paper we review application of GRB
multimessenger observations for performing cos-
mological tests, introduced already by Hubble,
3Tolman and Sandage ([15]). We concentrate
on observational cosmological tests which can
probe the underlying basic principles of SCM.
In particular, we consider GRB multimessenger
data for testing gravity theory and Cosmologi-
cal Principle of homogeneity and isotropy of the
spatial matter distribution.
In Sec.2 we formulate the SCM basic prin-
ciples which we consider for observational test-
ing by THESEUS-BTA facilities. Such tests can
strengthen the validity of the SCM foundation
or point to limitation of its application. In Sec.3
we consider testing gravity theory in strong field
regime by GRB observations. In Sec.4 we dis-
cuss GRB tests of the Cosmological Principle.
In Sec.5 we discuss GRB as an instrument for
testing space expansion paradigm, including the
Hubble Diagram and Wilson’s time delay test.
Conclusions are given in sec.6.
II. TESTING THE SCM BASIS BY
MULTIMESSENGER GRB
OBSERVATIONS
Here we consider the ability of GRBs obser-
vations by THESEUS gamma, X-ray, IR instru-
mentation (Amati et al. (2018) [5]; Strata et
al. (2018) [86]) and accompanying 6m BTA
SAO optical observations (Vlasyuk (2018)[97],
Sokolov (2018) [85]) for testing basic principles
of the SCM.
The success of SCM in explaining the main
cosmologically important observations is gener-
ally recognized [61], [59], [15]. Fundamental
physical basis of the SCM contains the follow-
ing theoretical assumptions:
• General Relativity Theory (GRT) −
gravity is described by the metric tensor
gik of the Riemannian space R.
• Einstein’s Cosmological Principle (ECP)
− the strict mathematical homogeneity
for the dynamically important matter, i.e.
ρ(~r, t) = ρ(t), p(~r, t) = p(t), gik = gik(t).
• Expanding space paradigm – time depen-
dent distances between galaxies r(t) =
S(t)·χ, where S(t) is the scale factor and χ
is the comoving distance − according to
which the observed cosmological redshift
is interpreted as the Lemaitre effect of the
space stretching (not the Doppler effect).
Intriguingly, in the beginning of the 21st cen-
tury professional cosmological community start
to discuss the validity and possibilities for test-
ing these three conceptual “pillars” of the SCM
[11].
Modern achievements of theoretical physics,
especially different modifications of general rel-
ativity and quantum aspects of gravitation the-
ory, require more wider observational testing of
the basic SCM principles.
Modern physics consider the observable Uni-
verse as a part of “cosmic laboratory”, where
main physical fundamental laws must be tested
in wider redshift interval and with increasing ac-
4curacy. The THESEUS GRB observations will
bring such possibility for redshifts up to z ∼ 10.
In particular, the Cosmological Principle,
the general relativity and its modifications, the
space expansion paradigm, must be tested by
new observations.
Here we consider following multimessenger
THESEUS-BTA observations as as cosmological
tests of the SCM basis:
• testing the gravity theory by gamma-to-
IR observations of the massive core col-
lapse supernovae (Long GRB) and the
binary neutron stars coalescence (Short
GRB);
• testing the Cosmological Principle of ho-
mogeneity and isotropy of the spatial dis-
tribution of GRBs host galaxies and line-
of-sight galaxy distribution in GRBs di-
rections.
• testing the expanding space paradigm by
constructing the high redshift GRB Hub-
ble diagram and by comparison of time di-
lation in GRB pulses, GRB afterglow and
core-collapse SN light curves;
These tests have the fundamental importance for
construction adequate cosmological model which
incorporate modern GRB multimessenger obser-
vations.
III. TESTING GRAVITY THEORY BY
GRB OBSERVATIONS
The most important basic assumption of
LCDM is the general relativity theory. Intrigu-
ingly modern theoretical physics suggests new
different possibilities for modification of GRT,
which now under considerations [32], [42], [17].
This is why the crucial cosmological tests must
include the tests of modern alternative gravita-
tion theories in the strong gravity regime.
Cosmological model is a solution of gravita-
tional field equations for the case of cosmologi-
cally large matter distribution. In particular the
modified theories of gravity change the study of
cosmic structure formation [9, 19, 42, 78] (re-
view [42] contains 900 references).
A. The quest for unification of gravity with
other fundamental forces
The principal basis of the LCDM is the ge-
ometrical general relativity theory (GRT). The
main difficulty of the GRT is that it is not
a quantum theory and so does not obeys the
quantum principles of modern physics. The
most challenging problem of modern theoreti-
cal physics is to construct the quantum theory
of gravitation which is united with other fun-
damental quantum interactions - strong, weak,
electromagnetic (Amelino-Camelia [7], Hawking
[40], Wilczek [99], Giddings [32]).
In general, there are two alternative ap-
proaches for inclusion of gravitation to unified
5theory: 1) change existing theories of fundamen-
tal interactions to include them into curved ge-
ometry, or 2) develop the quantum field gravity
theory based on common principles with other
fundamental physical interaction (Minkowski
space-time, positive localizable field energy den-
sity, energy-mometum conservation, uncertainty
principle, quanta of gravity field energy).
The first approach is based on modification
of geometrical description by quantization of
curved space-time (Rovelli [70]). However, there
is an important obstacle for unification of funda-
mental forces with the geometrical gravitation
theory: the conceptual basis of GRT is prin-
cipally different from the Elementary Particle
Standard Model (EPSM). Gravity in the frame
of GRT is not a force and there is no generally co-
variant Energy-Momentum Tensor of the gravity
field (problem of psudotensor and localization of
the field energy [47]).
The second approach is based on developing
the field (non-metric) gravity theory using mod-
ern quantum field theory (QFT). The success
of the Standard Model of electromagnetic, weak
and strong interactions was achieved on the way
of unification of the fundamental physical forces
in the frame of the QFT. Now it has reached a re-
spectable status as an accurate and well-studied
description of sub-atomic forces and particles,
though some conceptual and technical problems
remain to be solved (Wilczek [99]),
It is expected, that future Core Theory of
physics will unify all fundamental forces (elec-
tromagnetic, weak, strong and gravitation) and
also deliver unification of forces (bosons) and
substances (fermions) via transformations of su-
persymmetry [99].
Feynman [28] considered construction of
quantum field theory of gravity as the symmet-
ric second rank tensor field in Minkowski space,
based on common principles with other funda-
mental forces. A development of Feynman’s
approach was done in [84], [15], [81, 82] [12],
[83], [13], where new predictions were considered
for structure of the relativistic compact objects
and for cosmological solution of the gravity field
equations.
Both modified geometrical and quantum field
approaches should be studied more carefully and
tested by astrophysical observations of relativis-
tic compact objects and cosmological processes.
B. GRB observations for testing strong
gravity effects
The space and ground based MMA observa-
tions of GRBs can be used to get important re-
strictions on possible gravitation theories.
The international observational program
on monitoring of gamma-ray bursts is per-
formed with 6m BTA SAO optical observa-
tions (Vlasyuk (2018)[97], Sokolov (2018) [85]).
They look for fast variability in the optical flux
of gamma-ray burst (GRBs) afterglows both
in imaging and spectroscopic modes, are fore-
seen for GRBs detected by Swift, Fermi, INTE-
6GRAL, Lomonosov and other space missions.
The program aims at searching for op-
tical/electromagnetic counterparts connected
with GRBs, neutrino sources and gravita-
tional wave (GW) events detected by the Laser
Interferometer Gravitational-wave Observatory
(LIGO) and Virgo experiment. This observa-
tions present international collaboration devel-
oping future THESEUS space mission project,
aiming at fully exploiting the unique capabili-
ties of GRBs for cosmology and multi-messenger
astrophysics.
Fast photometric observations with MANIA
BTA facility can detect very short optical vari-
ability (τ = R/c), which are especially impor-
tant observations for testing strong gravity, be-
cause determine the size of the relativistic com-
pact object (RCO). Here observed polarization
and possible surface effects (magnetic field, hot
spots) can deliver crucial information on the na-
ture of the RCO.
In particular, general relativity predicts black
holes for RCO mass M > 3M⊙. While the
quantum field approach to gravitation predicts
for quark RCO critical mass 6.7 M⊙ [81–83].
Fig.1 presents “unexplained” observed mass gap
2÷ 5 M⊙ between neutron stars and black hole
candidates [58]. The nature of the RCO with
mass M > 5M⊙ is the crucial test for gravity
theory.
Up to now, GW170817/GRB170817A is the
only observation of gravitational waves originat-
ing from the coalescence of two compact objects
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FIG. 1: The inferred mass distributions for the dif-
ferent populations of neutron stars (left) and black
hole candidates (right) discussed in the [58]. The
dashed lines correspond to the most likely values of
the parameters. For the recycled neutron star popu-
lations the peak is M0 = 1.48M⊙ and σ = 0.20M⊙.
For the case of black hole candidates the peak is
Mc = 6.32M⊙ and a scale of Mscale = 1.61M⊙. The
solid lines represent the weighted mass distributions
for each population.
in the mass range of neutron stars, accompanied
by electromagnetic counterparts, and offers an
opportunity to directly probe the internal struc-
ture of neutron stars [1]. These observations
support the hypothesis that GW170817 was pro-
duced by the merger of two neutron stars in
NGC4993 followed by a short gamma-ray burst
GRB 170817A. Future THESEUS-BTA observa-
tions of GRBs will essentially increase statistics
of such crucial events and hence make crucial
contribution to testing gravitation theory as the
basis of cosmological models.
7IV. TESTING COSMOLOGICAL
PRINCIPLE BY GRB OBSERVATIONS
The sources of gamma-ray bursts are massive
supernovae explosions and coalescence of binary
relativistic compact objects in their host galax-
ies [85]. Hence GRBs mark the galaxies up to
high redshifts and their observations can probe
the very large spatial scales of visible matter dis-
tribution.
a. Large-scale galaxy distribution. Modern
progress in spectral and photometric redshift
surveys for wide angle (e.g. 2dF, SDSS, BOSS)
and deep fields (e.g. COSMOS) lead to discovery
very large structures at all observed redshifts.
Direct observations of the spatial distribution of
visible matter (galaxies) do reveal inhomogene-
ity over scales much lager than the standard Pee-
bles’s correlation length r0 ∼ 5 Mpc.
Nowadays the observationally established
scales of inhomogeneity reach several hundreds
Mpc. The Laniakea supercluster of galaxies
[90] and the Dipole Repeller with the Shap-
ley Attractor [41] in the Local Universe reach
size ∼200 Mpc. The Sloan Great Wall has
size ∼100 Mpc at distance ∼200 Mpc [27, 34].
The SDSS/CMASS survey discovered the BOSS
Great Wall with size ∼300 Mpc at distance
d ∼ 2 000 Mpc [51]. In the ultra deep galac-
tic field (UDHF) the photometric redshift sur-
vey COSMOS revealed evidence for Super Large
Clusters with sizes ∼1 000 Mpc at z ∼ 1 [56, 74].
b. Large-scale GRBs distribution. Studies
of spatial GRB distribution with known redshifts
also revealed very large inhomogeneous struc-
tures, though with large uncertainty. A giant
ring of GRB with a diameter of 1720 Mpc at
redshifts of 0.78 < z < 0.86 has been discovered
in [8]. The probability that this structure was
found randomly is 2× 10−6.
The spatial distribution of 244 GRBs has
been analyzed as part of the Swift mission us-
ing the Peebles ξ-function method [50]. They
found the correlation length r0 ≈ 388h
−1 Mpc,
γ = 1.57±0.65 (at the 1σ level), and the unifor-
mity scale is r ≈ 7700h−1.
These facts require reconsideration of the one
of the basic LCDM principle of homogeneity and
isotropy matter distribution and its evolution
with cosmic time.
A. Fractal properties of GRBs spatial
distribution
In general physics fractal structures naturally
originate in phase transitions, dynamical chaos,
strange attractors and other physical phenom-
ena. Fractals are characterized by the power-law
correlations in wide range of scales.
Fractal model of spatial galaxy distribution
with fractal dimension close to critical value
D = 2 well describes the date of many redshift
surveys [30], [15].
As it was demonstarted in [30], [15] the Pee-
bles‘s reduced correlation function [61] ξ(r) is
8strongly distorted by the borders of real sam-
ples. To get robust statistical characteristics of
the spatial distribution of galaxies one should
use the complete correlation function, called also
conditional density function Γ(r). In particu-
lar for a fractal spatial distribution the slope of
power-law Γ(r) ∝ r−γ gives the robust estima-
tion of the fractal dimension D = 3 − γ (for
homogeneous distribution γ = 0 and D = 3).
The conditional density and pairwise dis-
tances as methods of fractal analysis were pro-
posed by Grassberger and Procaccia [35, 36].
Conditional density analysis of main galaxy sam-
ples was developed in [30], [15], [88]. Pairwise
method was developed in [64, 75].
In papers [31, 63] the fractal dimension of a
GRBs sample was estimated by the method of
pairwise distances. They derived values of the
fractal dimensions in the interval D = 2.2÷ 2.7,
but only at scales up to 50 Mpc.
In paper [75] the new modified methods of
conditional density and pairwise distances were
presented, which allow estimate the fractal di-
mension at the full interval of scales for a given
sample. The normalized distributions of the con-
ditional density and pairwise distances for real
GRBs sample and for fractal model catalogs give
values of the fractal dimension D ≈ 2.0 and
D ≈ 2.5 respectively. For the case of a full celes-
tial sphere, the conditional density method gives
fractal dimension of the GRB sources distribu-
tion equal D = 2.6 ± 0.12 at r = 1.5 ÷ 2.5 Gpc
and D = 2.6 ± 0.06 for r = 1.5 ÷ 5.5 Gpc. The
pairwise distances method gives a stable power
law dependence with D = 2.6± 0.06 and do not
change essentially for the interval of linear scales
l = 1.5 ÷ 5.5. Thus, on scales of ≈ 1.5 ÷ 5 Gpc,
both methods of GRB spatial structure analysis
give similar exponent of the power law correla-
tion. However the number of GRBs with mea-
sured redshifts in analyzed samples is still too
small (N < 300), and the above estimations are
preliminary results.
B. Isotropy of GRBs distribution.
Isotropy of the GRBs distribution on celes-
tial sphere by the Fermi, BATSE and Swift data
was analyzed in paper [69]. Authors considered
the observed properties of GRBs and made the
conclusion: “...the results are consistent with
isotropy confirming”.
However, anisotropy of GRBs sky distribu-
tion was detected in number of papers [8] [63],
[31, 75]. Thus, for example, a spatially isolated
group of five GRB was detected with coordinates
23h50m < α < 0h50m and 50 < δ < 250 at red-
shift of 0.81 < z < 0.97 and also they found
GRB groups in several directions on the sky.
It must be emphasized that homogeneity
and isotropy of spatial distribution are different
properties of the large-scale structure [30], [15],
[88]. For example the fractal matter distribu-
tion can have statistical isotropy and simultane-
ously be strongly inhomogeneous and the Coper-
nican Principle is fulfilled [87]. Our above results
9on fractal dimension D close to its critical value
Dcrit = 2 on very large interval of scales demon-
strate that such situation possibly realized in the
GRBs spatial distribution.
Future THESEUS-BTA observations will es-
sentially increase the number of GRBs with
known redshifts and hence allow to get strong
restrictions on Cosmological Principle of homo-
geneity and isotropy of visible and dark spatial
(and line-of-sight) matter distribution.
C. Cosmic tomography via GRB
line-of-sight observations
a. Deep pencil-beam galaxy survey. An im-
portant goal of cosmology is to set an obser-
vational limit on the sizes of the largest struc-
tures in visible galaxy distribution. Recent deep
spectral and multi-band photometric surveys of
galaxies, deliver a new possibility to estimate a
homogeneity scale after which the luminous mat-
ter distribution becomes uniform.
Statistical analysis of the number density
fluctuation for the number of pencil-beam deep
galaxy surveys (COSMOS, HUDF, ALHAM-
BRA) was considered in [55, 56, 74].
Observational “cosmic tomography” test on
the reality of the super-large structures (having
large angular size on the sky) was suggested in
[56]. One can combine deep field surveys and
get a sky covering net (cells about 10n × 10n
degrees) of very deep narrow angle (1n×1n arc-
minutes) multi-band photometric beam-surveys.
Then, increasing the number of knots of the net
one can probe the extension of the super-large
structure in tangential direction. An advantage
of this method is that the very deep faint galaxy
surveys allow to achieve the very wide angular
extensions needed for observations of super-large
structures.
b. THESEUS-BTA Cosmic Tomography.
Important application of this method is to con-
sider as knots the directions to the GRBs. In this
case deep field observations, which is needed for
observations of the GRB host galaxies, plays the
role of knots of the net [14, 79].
As a result of such observational program one
can construct the 3-dimensional map of “super-
structures” by performing correlation between
neighboring radial redshift distribution, i.e. to
perform the “cosmic tomography” of the observ-
able Universe.
An example of such knot of possible future
net is the BTA deep field of the GRB021004.
In Fig. 2 the direct BTA image centered on the
GRB021004 host galaxy is shown [14, 79, 80].
The photometric redshift is measured for each
faint galaxy in the field and number of galax-
ies dN(z) in the redshift bin dz is presented in
Fig. 3. The smoothed peaks corresponds to the
clusters of galaxies along the GRB line-of-sight.
The observed galaxy distribution along the
line-of-sight gives information about inhomoge-
neous visible matter distribution in the fixed di-
rection on the sky. Statistical analysis of a net
of such fields will allow to perform a tomography
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FIG. 2: The objects detected in four filters (the
galaxies are enclosed by the squares, the star-shaped
objects are marked by crosses). The black arrow
points to the host galaxy of GRB021004.
FIG. 3: The photometric redshift distribution for 246
objects with the peak at z ≈ 0.56 based on BTA
BV RI data.
of the large scale galaxy distribution at largest
optically available scales [56, 74, 79, 80].
This test may be performed step by step by
deep BTA observations of neighboring GRB host
galaxies, close to the initial GRB direction.
In a sense, in the beginning of the 20th cen-
tury, using the largest at that time telescopes,
Edwin Hubble opened the door into the “realm
of galaxies”, and now, in the beginning of the
21st century, by operating with multimessenger
gamma-optical facilities, we have opportunity to
observational study the “realm of metagalaxies”.
V. TESTING THE SPACE EXPANSION
PARADIGM
The most important cosmological observa-
tional fact, which was discoverer by Hubble
(1929), is the linear (for small distances) relation
between observed redshift z of the spectral lines
and the distance r to a galaxy, i.e. the observed
Hubble Law (redshift-distance relation):
z(r) =
H0 r
c
=
r
RH
=
Vapp
c
, (1)
whereH0 is the Hubble constant at present time,
RH = c/H0 ≈ 4000h
−1
75 Mpc is the Hubble ra-
dius, Vapp = dλ/λ is apparent spectroscopic ra-
dial velocity of the galaxy, c the velocity of light,
z =
λobs − λemit
λemit
=
λobs
λemit
− 1 =
Vapp
c
, (2)
λobs is the observed photon wavelength at a tele-
scope and λemit is the wavelength of emitted
photon at the distance r in the observed galaxy.
For determination of the distance r to a
galaxy Hubble used the concept of the “stan-
dard candle”, i.e. an object with apriori known
luminosity. Note that Hubble called the redshift
as “apparent velocity” (in units of c) because he
measured the distance r to a galaxy through the
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flux measure, and he did not measure the physi-
cal galaxy velocity as the change of distance with
time.
The expanding space paradigm of the Stan-
dard Cosmological Model is the theoretical inter-
pretation of the redshift as the Lemaitre effect
in the expanding Friedmann universe where ex-
pansion space velocity is Vexp ≡ Vapp.
Surprisingly, after almost hundred years after
Lemaitre’s interpretation of cosmological red-
shifts as effect of the space expansion, the acute
discussion again raised in professional cosmolog-
ical literature about physical sense of the cosmo-
logical redshift and relation between mathemat-
ical geometrical concepts and measured astro-
nomical quantities: Harrison [37–39], Peacock
[59, 60], Davis [22, 23], Abramowicz [2, 3], Fran-
cis [29], Kaizer [44], Baryshev [11].
A. Theoretical Hubble Diagram for
different cosmological models
Cosmological Hubble Diagram (HD) incor-
porates the directly observed fluxes, luminocity
distances and redshifts for a particular class of
standard candles. This is why the HD can be
used for observational testing the basic theoret-
ical relations of cosmological models.
a. The Standard Friedmann’s Models. The
expanding space paradigm states that the proper
(internal) metric distance r to a galaxy, having
fixed comoving coordinate χ from the observer,
is given by the relation [15]:
r(t) = S(t) · χ (3)
and increases with time t as the scale factor S(t).
It is important to point out that the hypothe-
sis of homogeneity and isotropy of space (Cosmo-
logical Principle) implies that for a given galaxy
the recession velocity is proportional to distance
via exact linear velocity-distance (Vexp vs r) re-
lation for all FLRW metrics:
Vexp(r)
c
=
dr
cdt
=
dS
cdt
χ =
H(t) r
c
=
r
RH
, (4)
where H = S˙/S is the Hubble parameter and
RH = c/H(t) is the Hubble distance at the time
t. Note that from Eq.(4) one gets expansion ve-
locity more than velocity of light Vexp(r) > c for
r > RH [15, 37, 39] .
It should be emphasized that the cosmolog-
ical expansion velocity Vexp(r) for a observed
galaxy is conceptually different from the galaxy
peculiar velocity Vpec, which can not be larger
than the velocity of light. The cosmological red-
shift in expanding space is not the Doppler ef-
fect, but the Lemaˆıtre effect defined as the ratio
of scale factors:
(1 + z) =
λ0
λ1
=
S0
S1
, (5)
Instead of exact linear relation Eq.(4) for
Vexp(r), the redshift-distance relation z(r) and
expansion velocity-redshift relation Vexp(z) are
non-linear:
Vexp(z)
c
=
r(z)
RHo
=
∫ z
0
dz′
h(z′)
, (6)
where h(z) = H(z)/H0.
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b. The SCM Magnitude - redshift relations
When observed through a filter “i′′ the apparent
magnitude of an object with the absolute mag-
nitude Mi is
mi(z) = 5 log(l(z)(1 + z)) + Ci(z), (7)
where Ci(z) = 25+Mi+Ki(z)+Ai+Ei(z), and
l(z) is the external metric distance [15]: l(r) =
S(t)Ik(r/S).
If the K-correction, extinction, and evolu-
tion corrections are known for a standard candle
class, Eq. (7) can be used to derive the redshift-
luminosity distance relation llum(z) = l(z)(1+z).
The “pure vacuum” flat model (Ω = ΩΛ = 1) has
the linear relation l(z) = r(z) = RH0z, hence
mi(z) = 5 log(RHo z(1 + z)) + Ci(z).
c. The Classical Steady State Model. The
luminosity and metric distances are related sim-
ilarly as in flat Friedmann models: r(z) =
llum(z)/(1 + z). Because in CSSM r(z) = RHz,
the magnitude-redshift relation is
mi(z) = 5 log(RHz(1 + z)) + Ci(z). (8)
d. The Fractal Cosmological Model. In the
frame of the fractal cosmological model [10, 12,
15] the Universe is isotropic and inhomogeneous
having fractal dimension D ≈ 2.0. Such value
of the fractal dimension guaranties the linear
redshift-distance law, if the cosmological redshift
is interpreted as the global gravitational redshift
within fractal structure.
In the fractal model, the luminosity and met-
ric distances are related as rlum(z) = r(z)(1+z).
This result includes the lost energy of individual
photons and their diminished arrival rate due
to gravitational time dilation. The magnitude-
redshift relation then becomes
mi(z) = 5 log(RHY (z)(1 + z)) + Ci(z), (9)
where function Y(z) is defined in [10, 15].
e. The Zwicky Tired-Light Model. The
Zwicky TL model can be used as a toy exam-
ple, where cosmological time dilation effect is
excluded. In the simplest tired light model with
Euclidean static space (for instance, La Violette
(1986) [48]) the magnitude of a standard candle
depends on the redshift as follows:
mi(z) = 5 log(RH ln(1 + z))+
+2.5 log(1 + z) + Ci(z).
(10)
B. Observed Hubble Diagram for high
redshift LGRB
a. Construction the LGRB Hubble Dia-
gram. The Hubble Diagram (HD) is the di-
rectly observed relation between flux and red-
shift for a sample of standard candles. The Hub-
ble Diagram test is expressed as the distance
modulus versus redshift for “standard” GRBs,
calibrated by means of the “Amati relation”:
µ = 5 log
dL
Mpc
+ 25 (11)
where µ is the distance modulus and dL is lumi-
nosity distance, which is given by
dL =
(
(1 + z)Eiso(Ep,i)
4πSbolo
) 1
2
, (12)
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where Sbolo is GRB fluence and Eiso(Ep,i) is
isotropic energy calculated by Amati relation
Ep,i = K×E
m
iso [4]. The cosmological rest-frame
spectral peak energy Ep,i = Ep,obs × (1 + z).
The HD method is based on application of
theoretical relations given by Eqs.(7, 8, 9, 10).
Detailed analysis of the GRB Hubble Diagram
as a high redshift cosmological test presented in
[77].
As an example of modern HD testing of the
basic cosmological relations z(r), F (z), we take
the distance modulus of the 193 Long GRBs
sample from [5] and calculate the median dis-
tance modulus values in redshift bins. In Fig.4
purple point are the SNe Ia Pantheon cata-
log [73], gray point are GRBs with known red-
shifts and spectra from paper [6], black points
are the median values in redshift bins with ∆z =
0.3 (black points), red curve is prediction of
ΛCDM model with ΩΛ = 0.7, orange curve is
“pure vacuum” Friedmann’s model and purple
curve is the no time dilation Zwicky tired-light
model.
Figure 4 shows that predictions of different
models have several stellar magnitudes in the
THESEUS redshift interval (up to z ∼ 10). So
the future THESEUS observations will give es-
sential extension and accuracy of the observed
Hubble law and hence put strong new cosmolog-
ical model restrictions.
b. Gravitational lensing and Malmquist bi-
ases in the Hubble Diagram. There are number
of observational selection effects (e.g. limits on
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FIG. 4: The Hubble Diagram for the SNe Ia Pan-
theon catalog [73] (purple points), the GRBs catalog
from [6] (gray point), the median values of GRB bins
with ∆z = 0.3 (black points), and the predictions of
ΛCDM model (red curve) and two examples of other
models (pure vacuum and no time dilation).
detector sensitivity, influence of intervene mat-
ter, gravitational lensing, beaming effect, evo-
lution), which potentially distort the measured
bolometric flux and fluence, and hence the de-
rived distance to a GRB. Thus the construction
of the proper Hubble Diagram should take into
account the selection effects. However firm an-
swer to this fundamental question is far from
being settled until more GRB data with known
redshifts will be available.
The gravitational lensing of LGRBs by grav-
itating matter, situated along the “source-
observer” line of sight, produces apparent in-
crease of flux and fluence Sbolo due to gravita-
tional lens magnification, which does not change
frequency (and Ep) of the lensed radiation. This
can be misinterpreted as an evolution of GRB
luminosity.
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According to [43] gamma-ray bursts can be
magnified by the gravitational lensing produced
by different gravitating structures of the Uni-
verse (such as dark and luminous stellar mass
objects, globular and dark stellar mass clusters,
galaxies and dark galaxy mass objects). Hence
the gravitational lensing can have a great impact
on high-redshift LGRBs. For example, accord-
ing to [46, 57] in the BATSE catalog there are
several GRBs which are lensed by the intergalac-
tic globular clusters.
If we take into account that there is a
threshold for the detection in the burst appar-
ent brightness, then, with gravitational lensing,
bursts just below this threshold might be magni-
fied in brightness and detected, whereas bursts
just beyond this threshold might be reduced in
brightness and excluded (the Malmquist bias).
As it is demonstrated in [77] the combined
gravitational lensing and Malmquist biases cru-
cially influence on the observed Hubble Dia-
gram. If one takes into account possible lumi-
nosity correction on high redshift GRB HD, then
the observed HD tends to be consistent with
the LCDM having vacuum density parameter
ΩL → 0.9 and dark matter density parameter
Ωm → 0.1. This result is very important in view
of recent discussion about the role of dark energy
and dark matter [54], [20], [24], [26].
So the crucially important fundamental ques-
tion on the role of the gravitational lensing bias
in high redshift LGRB data needs more obser-
vational and theoretical studies. In particular,
6m BTA observations [79, 80] of galaxies along
the LGRB line of site Fig.3 will be important for
estimation of the lensing magnification probabil-
ity of the LGRB fluxes and its influence on the
high redshift HD. Hence THESEUS-BTA joint
program will give crucial information on dark
matter and dark energy.
C. Time Dilation Cosmological Test
One of the crucial cosmological tests on the
nature of the cosmological redshift is the mea-
surements of duration of known physical pro-
cesses at high redshift objects (cosmological time
dilation).
a. Wilsons Supernova Time Dilation Test.
Wilson (1939) [100] suggested supernovae as a
test of the nature of the cosmological redshift:
in an expanding universe the light-curve of a
supernova occurring in a distant galaxy should
appear to be expanded along the time axes in
the ratio (1 + z) : 1 with respect to the stan-
dard local light-curve. This time delay test was
also discussed by Rust (1974) [72] and Teerikorpi
(1981) [89].
Recent observations of the supernovae Ia
have finally given the possibility to perform the
test (Leibundgut (2001) [49]; Goldhaber et al.
(2001) [33]). The observed width τobs of the su-
pernova light-curve can be written as
τobs(z) = τem(1 + z)
p, (13)
where p = 1 for the local Doppler and grav-
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itational effects, and also for space expansion
Lemaˆıtre and global gravitational de Sitter-
Bondi effects. While p = 0 for all models without
cosmological time dilation.
The light-curves for 35 Type Ia supernovae
with redshifts up to z ≈ 1 were analyzed by
Goldhaber et al. (2001) [33]. They derived
the dilation parameter p = 1.0 ± 0.1. Another
study by Blondin et al. (2008) [16] measured
the spectral ages in the supernova rest frame.
Comparison with the observed time led again
to the (1 + z)1 factor expected for expanding
space and also gravitational nature of cosmolog-
ical redshift.
Note that the time dilation test provides good
evidence against the tired-light hypothesis, but
it can not distinguish between expanding space
models and models involving cosmological global
gravitational redshift.
b. GRB Pulse Stretching Test. As an ob-
servational test of the time dilation effect one can
consider the relation T90 ∝ (1+z)
α for GRB puls
profiles. Kocevski and Petrosian (2013) [45] and
Zhang Fu-Wen et al. (2013) [101] considered the
dependence of GRB pulses duration on redshift
and got the conclusion that the slope is about
α ≈ 1. A similar result T ∝ (1 + z)1.4±0.3 have
been obtained for the radio loud GRBs sample
in paper [53].
The time dilation test can be made separately
for Long and Short GRBs. The long GRBs are
explosions of supernovas, while the short GRBs
are merges of binary systems. These events have
the same physical nature as a result of rela-
tivistic gravitational collapse, but different light
curves due to matter envelop (Sokolov et al. [85];
Dado and Dar [21]). One usually separate the
GRBs on long-soft (T90 < 2s) and short-hard
(T90 < 2s) which are less 10%, e.g., in the Swift
sample [76].
In fact the observational selection effects
can strongly influence the observed duration of
GRBs at different redshifts. In particular, it is
strongly depends on instrumental time resolu-
tion and spectral sensitivity, and also on sources
spectral features [18, 45]. Hence the time dila-
tion test is difficult to perform for GRB pulses
alone.
c. New GRB+SN cosmological test of time
dilation. Time dilation of all physical processes
observed at high redshift is a prediction for both
cosmological models based on space expansion
and on global gravitational redshift mechanisms.
At small redshifts this effect is difficult to mea-
sure because of different other competitive phys-
ical processes.
New possibility exist for the Wilson’s cosmo-
logical test of the time dilation, when THESEUS
GRB gamma pulses observations will be used to-
gether with the same GRB afterglow light curves
observations at 6m BTA SAO telescope [5], [97],
[85].
Because the long GRBs are related to the
core-collapse SN explosion, there is a possibil-
ity for cosmological test of the time dilation ef-
fect. One can consider simultaneously the shape
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of gamma pulses and the shape of afterglow in
other bands. For example, the SN light curve
can be visible in the GRB afterglow light curve.
Hence time duration of different processes can
be used for the same GRB, and their statis-
tics in different canals and different redshifts will
present the robust estimations of the time dila-
tion effect. A cooperative THESEUS-BTA ob-
servations will be important for this cosmological
test of the fundamental physics.
VI. CONCLUSIONS
Modern state of observational (practical) cos-
mology is characterized by general tendency to
testing the fundamental principles lying in the
basis of cosmological models. Especially impor-
tant role belongs to the recent discovery of the
tensions between Planck-2018 results on CMBR
fluctuations analysis and the locally measured
cosmological parameters of the SCM.
Such obstacles as the nature and value of dark
energy and dark matter, the value of gravita-
tional lensing by the large scale structure and
the value of the Hubble constant H0 for the Lo-
cal Universe, now discussed as a new crisis for
cosmology (see references in Introduction).
The GRB observations in multimessenger as-
tronomy epoch open new possibilities for test-
ing the fundamental physics lying in the basis of
the standard cosmological model: classical gen-
eral relativity, cosmological principle of matter
homogeneity, and the Lemaitre space expansion
nature of cosmological redshift. As Harrison also
says: “The history of cosmology shows that in
every age devout people believe that they have
at last discovered the true nature of the Uni-
verse” [39].
Modern achievements of theoretical physics,
especially different modifications of general rel-
ativity and quantum aspects of gravitation the-
ory, together with number of conceptual prob-
lems of the SCM, require also reanalysis and
more wider observational testing of the initial
principles of the SCM.
We have considered possible basic cosmolog-
ical applications of Gamma-Ray-Bursts (GRB)
multimessenger observations in the wide inter-
val of cosmological redshifts up to z ∼ 10.
THESEUS-BTA cosmological tests can probe
strong field regime of gravitation theory, spatial
galaxy distribution, Hubble Law and time dila-
tion of physical processes at such redshifts. Per-
spectives for performing this cosmological tests
in multimessenger astronomical observations of
GRBs were considered and several new tests
were proposed. The very important part of cos-
mological tests is related to careful taking into
account different selection observational effects
which distort the true cosmological relations.
Future THESEUS space observations of
GRB [5, 86] and corresponding multimessen-
ger ground based studies, including large optical
telescopes, such as BTA and GTC (and even 1-m
class telescopes) [18, 79, 85, 97] will bring crucial
information for testing theoretical cosmological
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models.
Our analysis of possible application of ob-
servational cosmological tests for forthcoming
THESEUS GRB mission have demonstrated its
potentially principle contribution to cosmology,
because GRBs are among the most distant astro-
physical objects with measured spectral redshifts
(see Fig. 4).
The perspective cosmological tests of the
SCM basis by using GRB forthcoming THE-
SEUS and BTA observations are:
• BTA identification and monitoring
fast optical counterparts for THESEUS
gamma-ray bursts, together with neutrino
and gravitational wave signals, allow test-
ing the strong regime of gravity theory
as the basis of the standard cosmological
model. The problem of transition of
relativistic compact objects to neutron
stars, quark stars or black holes can
be solved and extended to cosmological
solutions of the gravity field equations.
• THESEUS large number of GRBs and
BTA host galaxies optical observations al-
low testing the Cosmological Principle of
homogeneity and isotropy at largest spa-
tial scales up to r ∼ 10 Gpc. The “cosmic
tomography” of the large scale structure
can be studied by using BTA deep fields
observations of line-of-sight galaxy distri-
bution in directions of GRBs.
• THESEUS high redshift Hubble Diagram
for long GRBs together with BTA line-of
sight observations, allow testing the flux-
distance-redshift cosmological relations up
to z ∼ 10. The common THESEUS-BTA
observations of the gamma-Xray-optical-
IR light curves profiles will give possibil-
ity to perform a new form of the Wilson’s
time dilation test for high redshift physi-
cal processes.
The joint THESEUS-BTA GRB project, to-
gether with other multi-messenger observations,
will give decisive new information on the funda-
mental cosmological physics.
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